Sub-MeV Bosonic Dark Matter, Misalignment Mechanism and Galactic Dark
  Matter Halo Luminosities by Yang, Qiaoli & Di, Haoran
ar
X
iv
:1
61
0.
08
37
8v
3 
 [h
ep
-p
h]
  2
1 J
un
 20
17
Sub-MeV Bosonic Dark Matter, Misalignment Mechanism and Galactic Dark Matter
Halo Luminosities
Qiaoli Yang1∗ and Haoran Di2†
1Department of Physics, Jinan University, Guangzhou 510632, China
2School of Physics, Huazhong University of Science and Technology, Wuhan 430074, China
We explore a scenario that dark matter is a boson condensate created by the misalignment mech-
anism, in which a spin 0 boson (an axion-like particle) and a spin 1 boson (the dark photon) are
considered, respectively. We find that although the sub-MeV dark matter boson is extremely stable,
the huge number of dark matter particles in a galaxy halo makes the decaying signal detectable.
A galaxy halo is a large structure bounded by gravity with a typical ∼ 1012 solar mass, and the
majority of its components are made of dark matter. For the axion-like particle case, it decays
via φ → γγ, therefore the photon spectrum is monochromatic. For the dark photon case, it is a
three body decay A′ → γγγ. However, we find that the photon spectrum is heavily peaked at
M/2 and thus can facilitate observation. We also suggest a physical explanation for the three body
decay spectrum by comparing the physics in the decay of orthopositronium. In addition, for both
cases, the decaying photon flux can be measured for some regions of parameter space using current
technologies.
Introduction: Mounting evidence shows that dark mat-
ter constitutes about one third of the total energy density
or more than 80% of the matter density of our universe.
In galaxy halos, the mass fractions of dark matter are
even more dominated which can be as high as 95% [1–
7]. Although the existence of dark matter is widely ac-
cepted, the exactly nature of dark matter particles are
still little known [8] besides that they are non-baryonic,
weakly interacting and stable. There are many possible
dark matter particle candidates, and two of them, i.e.,
the axion-like particles φ [9–21] and the hidden massive
U(1) vector boson A′µ [22–30], are especially interesting
because both can be produced from the misalignment
mechanism [9–12, 14, 31, 35]. The misalignment mecha-
nism does not require any particular interactions between
the dark matter particles and the Standard Model sector
as far as dark matter particles are bosons and massive in
the very early universe. Therefore, the spin 0 case can
be the axion or axion-like particle, in which case one of
the ”string axions” accounts for the majority of the dark
matter, and the spin 1 case can be the dark photon.
If the dark matter is composed of axion-like particles
or dark photons, then the dark matter could be a boson
condensate [36] with a high number density. As these
cosmic dark matter particles are not completely stable,
they can decay into three (from the dark photon) or two
(from the axion-like particle) photons. Certainly, to be a
proper dark matter candidate the lifetime of the particle
should be beyond the age of the universe, however, the
luminosity of decaying photons from a dark matter halo
can be measured due to the huge number of particles in a
halo. In addition, we find that the signal of the decayed
photons is very unique. For the axion-like particle case,
it is a two body decay φ → 2γ, so the energy spectrum
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of the photons is monochromatic at E = Mφ/2, where
Mφ is the mass of the axion-like particle. For the dark
photon case, although it is a three body decay, the en-
ergy spectrum is heavily peaked (see Fig.2) according to
our calculation. The physical reason for this three body
decay spectrum is understandable if we compare it with
the spectrum of the orthopositronium decay [37], which
we discuss in the following section.
Dark Matter Models and Misalignment Mechanism:
Hypothetical particles in the hidden sector are generally
interacting very weakly with the standard model sector.
The hidden U(1) vector boson was originally proposed
to be a massless particle that carried a long range force
on dark matter. It was later realized that the massive
vector bosons themselves could be a very good candidate
for dark matter. Here, let us use A′µ to denote the hidden
sector U(1) vector field. The Lagrangian is:
L = −1
4
(FµνFµν + F
′µνF ′µν)−
M2A′
2
A′µA
′µ
− CV f¯γµfA′µ + ... , (1)
where MA′ is the mass of the dark photon, Fµν and F
′
µν
represent the field strength tensor of Aµ and A
′
µ respec-
tively. CV is the vector couplings of the dark photon
due to kinetic mixing with ordinary photons and f is
the Standard Model fermions. In this paper, we assume
that the dark photon mass term MA′ is a Stueckelberg
mass [38] instead of a Higgs mass. The Stueckelberg mass
can be naturally induced from string compactifications,
thus the dark photons can be safely regarded as mas-
sive without passing through a spontaneous symmetry
breaking (SSB) phase transition until the very early uni-
verse. The misalignment mechanism then applies in the
scenario. Interestingly, nature seems prefer to use ev-
ery renormalizable Lagrangian term, yet the Stueckelberg
mass is absent in the Standard Model. If the Stueckel-
berg mass exists, it applies only to abelian gauge fields as
far as renormalizability is required, thus we may suspect
2that dark photons do exist in our universe.
The initial value of the A′µ field is assumed to be some
random nonzero value, and the inflation creates a spa-
tially uniform field, thus ∂iA
′
µ ∼ 0. In a Friedmann-
Robertson-Walker (FRW) universe and the cosmic frame,
the equation of motion of the vector field [31, 35] implies
that A′0 = 0 if MA′ 6= 0, and
∂2t
~A′ + 3H(t)∂t ~A
′
+(M2A′ + H˙(t) + 2H(t)
2) ~A′ = 0, (2)
where H(t) is the Hubble parameter. After the uni-
verse enters a radiation dominated era Eq.[2] reduces to
∂2t ~A
′+(3/2t)∂t ~A
′+M2A′
~A′ = 0. The solution of the equa-
tion is A′i = C1J1/4(MA′t)/t
1/4 + C2Y1/4(MA′t)/t
1/4,
where JN , YN are the Bessel functions and C1, C2 de-
pend on the initial conditions. The solution can be ex-
plained intuitively. WhenH(t)≫MA′ , the field strength
is decreasing without any oscillations. Thus no particles
are observed during this period, only a uniform field in
the universe. After the Hubble constant decreases to a
point that 3H(t) ∼ 2MA′ , the field begins to oscillate.
The amplitude of the initial oscillation determines the
energy density of the new born particles so in this sce-
nario we have a non-thermal creation mechanism. After
H ≪ MA′ the energy density of the vector field ρ ∼ A′2
decreases as 1/a3(t) therefore behaves like dust. With a
proper initial value and particle mass combination, the
mechanism can provide the right energy density of the
dark matter. As the transition happens at the same time
in the universe, the particles are in a coherent state with
small fluctuations and are very cold due to their coherent
nature regardless of their mass.
The axion is introduced to provide a natural solution
to the strong CP problem [39–44]. Generally speaking,
to solve the strong CP problem, one may introduce a new
U(1) symmetry called the Peccei-Quinn symmetry. The
Peccei-Quinn symmetry is spontaneously broken when
the energy is below the scale Λ ∼ fa ∼ 1012GeV and
subsequently is explicitly broken due to non-perturbative
quantum chromodynamics (QCD) effects after the en-
ergy drops below the QCD scale. The SSB gives a
goldstone boson and the explicitly symmetry breaking
gives the goldstone boson a small non-zero mass. This
pseudo-goldstone boson is now known as the axion. The
axion-like particles [14, 17, 45–47] are zero Kaluza-Klein
modes created from compactifying antisymmetric tensor
fields on closed cycles of space-time manifold. These zero
modes acquire a potential from non-perturbative effects
on the cycle and therefore obtain a small mass. Al-
though the compactifications give rise to many axion-
like particles, we consider a scenario in which one of
them composes the majority of dark matter. Both ax-
ions and axion-like particles have similar properties in
low energy four-dimensional effective field theory, except
in the case of axions the mass and the SSB scale are
closely related. We can write the general Lagrangian for
axions and axion-like particles as follows:
L = −1
4
FµνFµν − 1
2
∂µ∂
µφ− M
2
φ
2
φ2 +
αg
2πΛ
φFµνFαβǫ
µναβ
(3)
where Λ is the order of symmetry breaking energy scale,
g is a model dependent factor of order one which we will
neglect in the following discussion, α is the fine structure
constant, and φ is the particle field. For the QCD axions
we have [48]:
Mφ ∼ mpi0fpi/Λ ≃ 6.00 ∗ 10−6eV(1012GeV/Λ) . (4)
In addition, inflation can produce isocurvature perturba-
tions of scalar fields which are highly constrained from
the observations of cosmic microwave background radi-
ations. As such we have additional limitations for the
axion [49–57].
Cold axion-like particles can be created from the mis-
alignment mechanism [9–12, 14]. The equation of mo-
tion of φ in a FRW universe is ∂2t φ+ 3H∂tφ+M
2
φφ = 0,
so the production mechanism is similar to that of the
dark photon. In addition, the initial field value of axion-
like particles is constrained as φ/Λ is corresponding to a
phase value order of one. Let us use t1 ∼ 1/Mφ to denote
the time that axion-like particle field starts to oscillate.
The energy density of axion-like particles to the critical
energy density during the matter dominated era is thus:
ρa
ρc
∼ 1
2
M2φΛ
2
(
a(t1)
a(t)
)3
/ρc ≈ 3πG
√
MφΛ
2
√
te < 1, (5)
where a is the FRW scale factor and te is the matter-
radiation equality time. so we have a lower boundary in
Fig.4.
As the Compton wavelength of dark matter should be
no longer than 1kpc to allow for the structure forma-
tion on the kpc scale [31], both dark photons and axion-
like particles have a weak bound on the mass, which is
M > 10−24eV. In addition, the survival of dark matter
requires particles to have lifetimes longer than the age of
the universe. These constraints are shown in Fig.3 and
Fig.4.
Decaying Signals from Dark Matter Halos: Sub-MeV
massive dark photons are not completely stable because
they can decay via channel γ′ → 3γ due to the vector
interaction. The axion-like particles can decay via φ →
2γ. The decay rate for the dark photon is:
ΓA′ = 2.725× 10−15C
2
VM
9
A′
m8e
= 0.895 ∗ 10−45seconds−1(MA′
eV
)9C2V , (6)
where me is the mass of electrons. The decay rate of the
axion-like particle Γφ is:
Γφ =
α2
4π3Λ2
M3φ
= 6.53 ∗ 10−10s−1(Mφ
eV
)3(
GeV
Λ
)2 . (7)
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FIG. 1: The decay of a dark photon A′µ and of an axoin-like
particle φ.
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FIG. 2: The decay spectrum of the dark photon.
The axion-like particle decay is a two body decay and
thus the resultant photons are monochromatic in the en-
ergy spectrum, with a frequency at ω = M/2. The dark
photon decay is a three body decay, and the spectrum of
the decaying photons is calculated and is shown in Fig.2.
An interesting feature of the dark photon decay is that
although it is a three body decay, which typically results
to a smooth spectrum, e.g. in the β decay, the decaying
spectrum of the dark photon is however heavily peaked
at ω =M/2. We find that 36.1% decaying energy lies in
a frequency range [0.9 ∗M/2, M/2].
The physical reason for the dark photon decay spec-
trum sharply peaking at M/2 is due to the properties
of the vector bosons and can be understood when we
compare it with the orthopositronium decay spectrum.
In the low energy end, both spectrums vanish linearly
due to Low’s theorem on soft photon emissions. In the
E →M/2 end, both spectrums rise sharply, as the phase
space for a two photon decay is far more allowed than
that for a three photon decay. Therefore, in the three
photon decay, one infrared photon plus twoM/2 photons
is the most favorable situation. For the orthopositronium
case, the phase space is much more tolerated as the ini-
tial state is different from a point particle. Therefore the
spectrum of orthopositronium decay is much less peaked.
The spectrum of the decaying photons observed on
Earth depends on several astronomical factors and there
are four major sources that distort the spectrum: The
first is the velocity dispersions δv of the dark matter par-
ticles in a halo which lead to a (1+ δv/C)/(1− δv/C) ∼
2δv/C spectrum spread. The second is the gravitational
decay rate constraint
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FIG. 3: The constraints and the equal flux lines of the sub-
MeV dark photon. The blue area is excluded from the drift
of the fine structure constant and the early universe behavior
imposes an upper limit for the coupling CV [31]. The red,
green and gray areas are ruled out by the lifetime of stars (the
sun, horizontal branch stars, red giants) [27, 32]. The lifetime
of the dark photons impose a decay rate constraint for the
upper bound of the mass. The structure formation imposes
a lower bound of the mass MA′ > 10
−24eV [31]. The dashed
lines are the equal light flux lines, showing that the photons
are emitted from the M31 dark matter halo and received on
earth.
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FIG. 4: The constraints and the equal flux lines of axion-
like particles. The upper area is excluded from the stellar
evolution constraint [33, 34]. The decay rate of the axion-like
particle imposes an upper limit of the mass. The structure
formation imposes a lower bound of the massMφ > 10
−24eV.
The lower area is excluded due to Eq.(5), as it would produce
too much dark matter. For the QCD axion, the mass and the
decay constant is related by Eq.(4). The dashed lines are the
equal light flux lines showing that the photons are emitted
from the M31 dark matter halo and received on earth. Note
that for an axion-like particle to be a substantial fraction of
dark matter, its parameters should lie around the cosmology
abundance line.
red shifting due to local density profiles. The third is the
kinetic movement of dark matter halos relative to the ob-
server, and the fourth is the cosmological red shift due
to expanse of the universe. Assuming the dark matter
particles remain non-relativistic, δv ≪ 1, the spectrum
spread is small. Furthermore, the gravity induced spec-
trum spread should be small assuming a standard dark
matter halo density profile. In addition, if the total mass
4of a source halo is similar to our galaxy halo, then the
center frequency red shift due to photons moving in and
out of halo gravity wells should be largely canceled. Fi-
nally, let us use zk and zc to denote the magnitude of
the red shift due to movement of the halos and due to
the cosmological red shift respectively. As zk and zc are
small for nearby halos, the observed spectrum is peaked
at (1 + zk + zc)
−1M/2.
To be a proper candidate for dark matter, the lifetime
of particles τ = 1/Γ should be larger than the age of the
universe. However, due to a huge particle number N in
a dark matter halo, the luminosity L from decaying dark
photons or decaying axion-like particles of a dark matter
halo may be detectable. A galaxy halo is a heavy gravity
bound structure with a typical mass ranging from 1011 to
1013 solar masses, and the most [1–7] of the halo mass is
composed of dark matter. Let us consider a dark matter
halo with a massMh. The luminosity of the dark photon
halo is:
LA′ =
NA′ ×M
τ
= 0.95
Mh
τ
= 3.96 ∗ 10−25Mh
M⊙
(
M
eV
)9C2V L⊙ . (8)
For the axion-like particle dark matter halo the luminos-
ity is:
Lφ =
Nφ ×Mφ
τ
= 28.9 ∗ 1010Mh
M⊙
(
Mφ
eV
)3(
GeV
Λ
)2L⊙ , (9)
where M⊙ and L⊙ denote the solar mass and the solar
luminosity respectively. For QCD axions, the mass and
the energy breaking scale are closely related by Eq.(4).
As such we have Lφ ∝ (Mh/M⊙)∗ (Mφ/eV)5L⊙ which is
consistent with the literature [58–60].
The observed light flux at a distance is:
F =
L
4πd2L
(10)
where dL is the luminosity distance. For nearby
galaxy halos it is sufficient to use dL ≈ zcc/H0,
where c is the speed of light. The Hubble constant
H0 ≈ 73(km/s)/Mpc [61], so we have dL ≈ 4.11 ∗
103zcMpc. The observed flux within a frequency range
[0.9M/2, M/2] from a dark photon galaxy halo with a
cosmological red-shift zc is then:
FA′ = 2.69 ∗ 10−56Mh
M⊙
(
M
eV
)9C2V z
−2
c (W/cm
2)
= 3.36 ∗ 10−37Mh
M⊙
(
M
eV
)8C2V z
−2
c ph/(s cm
2).(11)
For the axion-like particle dark matter halo the observed
flux is:
Fφ = 5.46 ∗ 10−20Mh
M⊙
(
Mφ
eV
)3(
GeV
Λ
)2z−2c (W/cm
2)
= 0.683 ∗ Mh
M⊙
(
Mφ
eV
)2(
GeV
Λ
)2z−2c ph/(s cm
2) .(12)
The NGC 224 or Messier 31 galaxy is a major neigh-
bor galaxy near the earth. The distance from NGC224
to the earth is 0.778Mpc [62] which corresponds to a
zc = 1.89 ∗ 10−4. The mass of NGC 224 is about
1.5 ∗ 1012 [63] solar masses. Star formations in the
NGC 224 disk are near inactive, and the galactic neu-
tral hydrogen, molecular hydrogen and dust combined
counts about 1010 solar masses or below 1% of the total
masses [64]. Therefore the spectrum distortions should
be small. We expect the received signal to be a nar-
row line that is peaked at (1 + zk + zc)
−1M/2 where
(zk + zc) ∼ −10−3 for the NGC 224. If the dark
matter is composed by the dark photon, then the lu-
minosity of NGC 224 is 5.98 ∗ 106L⊙( M60keV )9( CV10−12 )2
and the flux within [0.9M/2, M/2] received on earth is
2.37 ∗ 10−3( M
60keV
)8( CV
10−12
)2ph/(s cm2). If the dark mat-
ter is composed of the axion/axion-like particles, then
the luminosity and the flux are 0.434L⊙(
M
eV
)3(1012 GeV
Λ
)2
and 2.87 ∗ 10−5(M
eV
)2(1012 GeV
Λ
)2ph/(s cm2) respectively.
Conclusions: Boson condensate produced from the
misalignment mechanism is a viable candidate for dark
matter. The spin 0 axions/axion-like particles and the
spin 1 dark photons are especially well motivated. The
huge particle number in a galactic halo makes the decay-
ing signal detectable for some regions of parameter space.
Both types of dark matter candidate have a very sharp
spectrum line peaked at (1 + zc + zk)
−1M/2. A scan of
the relative spectrum of nearby galactic halos combined
with complementary laboratory experiments may reveal
the nature of dark matter.
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